Intrinsic and/or acquired resistance of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) commonly occurs in patients with non-small-cell lung cancer (NSCLC). Here, we developed a combined therapy of histone deacetylase inhibition by a novel HDAC inhibitor, YF454A, with erlotinib to overcome EGFR-TKI resistance in NSCLC.
Introduction
Lung cancer is the leading cause of cancer-related mortalities in both sexes, accounting for more than one-quarter of the total worldwide (Siegel et al., 2016) . Non-small-cell-lung cancer (NSCLC) accounts for approximately 87% of lung cancers. It is characterized by the accumulation of multiple genetic alterations and comprised of diverse histological subtypes (De Santis et al., 2014) . Most patients with advanced NSCLC have poor diagnoses and have low survival rates (De Santis et al., 2014; Tan et al., 2015) . Overexpression or mutation of epidermal growth factor receptors (EGFRs) plays an important role in the development, differentiation, survival and drug resistance of NSCLC (Chong and Janne, 2013; Hynes and Lane, 2005; Tan et al., 2015) . Selective targeted EGFR tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib and afatinib, have become the standard of care for first-line treatment for advanced NSCLC with EGFR overexpression or mutations (Sequist et al., 2013; Tan et al., 2015) . Various clinical trials have suggested that patients treated with EGFR-TKIs show a great initial response and significant progression-free survival in advanced NSCLC. However, the tumours eventually develop resistance, which becomes a key obstacle to successful therapy (Jackman et al., 2010) .
The molecular basis of primary and acquired resistance to EGFR-TKIs has been gradually identified but, as yet, has not been clarified (Chong and Janne, 2013; Lee et al., 2013; Soucheray et al., 2015; Webster, 2016) . Activating KRAS mutations (Pao et al., 2005; Wheeler et al., 2010) , overexpression of PIK3CA (Sartore-Bianchi et al., 2009), loss-of-function of PTEN (Kokubo et al., 2005) , IGF1R amplification and activation of the NF-κB signalling pathway (Bivona et al., 2011) are all known to be involved in primary EGFR-TKI resistance. Additionally, the T790M mutation of EGFR and activation of alternative receptor tyrosine kinases (amplification of MET and HER2 and overexpression of AXL) have been identified as contributing to acquired resistance of EGFR-TKIs in NSCLC (Engelman et al., 2007; Gandara et al., 2014; Rho et al., 2014) . Emerging data show that the down-regulation of genes, such as BIM (Ng et al., 2012) involved in apoptosis and the epithelial-mesenchymal transition (Byers et al., 2013) , contribute to both primary and acquired resistance to EGFR-TKIs, markedly decreasing the therapeutic efficacy of EGFR-TKIs. Therefore, the development of innovative strategies, such as a combined therapy that targets specific mutations or signalling pathways, is urgently needed to improve the therapeutic efficacy of EGFR-TKIs in the treatment of NSCLC (Webster, 2016) .
Histone deacetylase (HDAC) aberrations are identified as key drivers of several human diseases (e.g. cancer) (Falkenberg and Johnstone, 2014; Minucci and Pelicci, 2006) . HDAC inhibitors are one of the major classes of epigenetic modulating agents for cancer therapy. They target tumour cell proliferation, cell cycle, apoptosis, senescence, cell migration and angiogenesis (Abend and Kehat, 2015; Falkenberg and Johnstone, 2014) . Several HDAC inhibitors, including SAHA, FK228 and belinostat, were approved by the U.S. Food and Drug Administration for the treatment of cutaneous T-cell lymphoma or/and peripheral T-cell lymphoma from 2006 to 2015 (Abend and Kehat, 2015) . In addition, multiple HDAC inhibitors have been reported to have therapeutic effects against various cancers in preclinical and clinical trials either as single agents or in combination therapies (Lakshmaiah et al., 2014) . Recently, our group synthesized a novel class of hydroxamate-based HDAC inhibitors with potent activities against breast cancer in vitro and in vivo . YF454A, the most potent candidate of this class, exhibited nanomolar half maximal inhibitory concentration (IC 50 ) values toward class I and II b HDACs. However, the therapeutic effect of these novel HDAC inhibitors on NSCLC has not been defined, especially in primary or acquired EGFR-TKI-resistant NSCLC.
In this study, we tested the hypothesis that the addition of YF454A may overcome erlotinib resistance in the EGFR-TKIresistant NSCLC. We found that YF454A and erlotinib showed strong synergistic inhibitory effects on cell growth in a panel of EGFR-TKI-resistant NSCLC cells. Importantly, the synergy of the combined regimen was also observed in vivo. Our preclinical studies provide an applicable strategy that inhibition of histone deacetylases by YF454A may potentially improve the therapeutic efficacy of EGFR-TKIs in the treatment of NSCLC.
Methods

Animal studies
Male BALB/cA nude mice (8-week-old) were obtained from National Rodent Laboratory Animal Resources (Shanghai, China). All mice were housed in rooms with appropriate temperature (20-22°C) and air humidity (60%) under a 12 h light/dark cycle (five mice per cage). Mice were given ad libitum water and food for 7 days prior to experimentation. All animal treatments were conducted according to Institutional Animal Care and Use Committee guidelines and under an institutional protocol approved by East China Normal University with respect to animal care and welfare assurance. Animal studies were reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
The EGFR-TKI-resistant NSCLC xenograft mouse model was established as described previously (Pang et al., 2009 mixture of air and CO 2 . All of the cell lines were authenticated by short tandem repeat analysis before use. For the establishment of PC9/ER (erlotinib-resistant) and HCC827/ER (erlotinib-resistant) cell lines, parental PC9 and HCC827 cells were exposed to stepwise increasing concentrations of erlotinib from 10 nM up to 1 μM every 3 weeks for a period of 6 months. The established resistant cells were cultured in medium containing 1 μM of erlotinib and seeded into erlotinib-free medium at least 2 weeks before the experiments.
Cell viability assays
Cells were incubated in 96-well plates to attach overnight and then exposed to drug treatments for an additional 72 h. Cell viability was measured by CellTiter 96® AQ ueous One Solution (Promega, Madison, WI, USA). IC 50 values were calculated using the GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). Combination index (CI) values were calculated by the CalcuSyn Version 2.0 software (Biosoft, Gambridge, UK). CI values <1, =1 and >1 indicate synergism, additive and antagonism between two drugs respectively (Chou, 2006; Chou and Talalay, 1984) . Experiments were conducted three independent times (n = 3 per treatment group).
Cell cycle analysis
Cell cycle analysis was performed as described previously (Dai et al., 2012) . PC9/ER cells were incubated with erlotinib (5 μM), YF454A (0.2 μM) or both drugs for 24 h. Cells were then fixed with 70% ethanol at À20°C overnight and stained with propidium iodide (Sigma) in the presence of ribonuclease A (Takara biotechnology, Dalian, China) for 30 min at room temperature. The cell cycle distribution was analysed by flow cytometry (FACS Calibur, BD Biosciences).
Apoptosis analysis
PC9/ER, H1229 and H1975 cells were exposed to different treatments for 48 h and then stained using BD Pharmingen Apoptosis Detection kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer's protocol. Cell apoptosis was assessed by flow cytometer (FACS Calibur, BD Biosciences) (Wang et al., 2014) .
Clonogenic assay
Tumour cells were plated in 6-well plates at a density of 800-1200 cells per well. After cells attached overnight, drugs at indicated concentrations were added to plates. DMSO served as the control vehicle. Medium with drugs was replaced every 3 days for a period of 7-14 days. The cells were then fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Colonies were counted by Image J software (NIH, Bethesda, MD, USA) .
Western blotting assays
Western blotting analysis was performed as described previously . Briefly, treated cells were harvested and lysed in radio immunoprecipitation assay buffer. Cellular protein concentration was determined using a bicinchoninic acid assay (ThermoFisher Scientific, Waltham, MA, USA). Approximately 30-50 μg of total protein from whole cell lysates were run on 6-12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA) using the I-Blot (Invitrogen, ThermoFisher Scientific). The membranes were then incubated with primary antibodies at 4°C overnight and sequentially incubated with appropriate anti-rabbit, anti-mouse or anti-goat secondary antibodies for 1 h at room temperature. After several washes, visual signals were developed by the LI-COR Odyssey Infrared Imaging system (LI-COR Biosciences).
Real-time PCR analysis
The total RNA was collected using RNAiso plus (TaKaRa Bio Inc., Shiga, Japan) from treated cells and then reversetranscribed to cDNA using the PrimeScript RT reagent kit (TaKaRa). Real-time PCR was performed using the 96-well Thermal iCycler (Biorad, Hercules, CA, USA). All amplified gene products were electrophoresed on agarose gels. Sequences of primers are listed in Supporting Information Table S1 .
Microarray analysis
PC9/ER cells were treated with YF454A (0.2 μM), erlotinib (5 μM) or YF454A/erlotinib for 12 h. The RNA of treated cells was extracted using RNAiso plus (TaKaRa) according to the manufacturer's protocol. Microarray analysis was profiled by the Affymetrix GeneChip® Human Transcriptome Array 2.0 (Affymetrix, Santa Clara, CA, USA). The microarray data discussed in this study have been deposited in the National Centre for Biotechnology Information Gene Expression Omnibus and is accessible through series accession number GSE80316 (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc= GSE80316).
Raw CEL files were normalized using the Affymetrix Expression Console Software 1.30 with the Robust Multi-array Average algorithm. Differential gene expression analysis among groups was performed using Bayesian Analysis of Variance for Microarrays (BAMarray) 3.0. The resulting gene lists were further narrowed down using STEM v. 1.3.8 (Short Time-series Expression Miner) into genes whose expression showed more than twofold change compared with the control (FC > =2 or FC < = À2). P values less than 0.05 were corrected for multiple testing by the BH method.
Analysis of differentially expressed genes using patient data
Read count data for primary lung adenocarcinoma and matched normal lung tissues were downloaded from The Cancer Genome Atlas (January, 2015) (Cancer Genome Atlas Research N, 2014) . The edgeR package (Robinson et al., 2010) was used for differential expression gene analysis on RNA-seq read count data.
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Kaplan-Meier survival analysis
Kaplan-Meier survival analysis was conducted using gene microarray data and clinical data (Gyorffy et al., 2013) . All P-values were performed using the Log-rank test (Gyorffy et al., 2013) .
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Results are presented as mean ± SEM. Data analysis was carried out using Microsoft Excel and GraphPad Prism Software version 5.0. Groups which contained five or more independent repeats were subjected to statistical analysis. For comparisons of two groups, a two-tailed unpaired t-test was used; for comparisons of multiple groups, one-way ANOVA analysis followed by Tukey post hoc tests was applied. Post hoc tests were run only if F achieved P < 0.05, and there was no significant inhomogeneity. Statistical significance was set as P < 0.05.
Randomization and blinding
All experiments in this study were conducted in a randomized manner. The in vivo experiments were performed by investigators blinded to the treatment groups. The in vitro experiments were not performed with blinding because the assays were carried out under standardized procedures and revealed strictly quantitative data.
Materials
Erlotinib and SAHA were purchased from Selleck Chemicals (Houston, TX, USA). YF454A [N1-((5-(5-pyrimidinyl)-2-thiopheneyl) methyl)-N7-hydroxyN1-(4-methoxyphenyl) heptane-diamide] and other lead compounds were synthesized in house . All compounds were dissolved in DMSO and stored at À80°C. 
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b).
Results
Cytotoxic synergy of YF454A and erlotinib in EGFR-TKI-resistant NSCLC cells
Our group recently synthesized a series of novel hydroxamate-based pan-HDAC inhibitors that exhibited nanomolar IC 50 values toward class I and II b HDACs . The lead compound, YF454A, exhibited antiproliferative activity against human breast cancer in vitro and in vivo (Nakagawa et al., 2013; Yang et al., 2014) . However, the therapeutic effect of these novel HDAC inhibitors on NSCLC has not been defined, especially in primary or acquired EGFR-TKI-resistant NSCLC. We first chose a panel of EGFR-TKI-resistant NSCLC cell lines with diverse EGFR or RAS genotypes for experimental use: A549 (EGFR wild-type, KRAS mutant), H1299 (EGFR wild-type, NRAS mutant) and H1975 (L858R and T790M EGFR mutations) (Yeh et al., 2011) . As expected, IC 50 of erlotinib was over 10 μM against these resistant cell lines (Supporting Information Table S2 ).
The acquired EGFR-TKI-resistant cell lines PC9/ER (IC 50 = 5.05 μM) exhibited 250-fold more resistance to erlotinib than that of parental PC9 cells (IC 50 = 0.02 μM; Figure 1A ). In addition, HCC827/ER (IC 50 > 10 μM) showed approximate 400-fold more resistance to erlotinib than that of parental HCC827 cells (IC 50 = 0.02 μM; Figure 1A ). Given the significance of the receptor tyrosine kinase signalling pathways involved in EGFR-TKI resistance in NSCLC, we assessed basal expression and phosphorylation levels of several receptor tyrosine kinases (Her2, EGFR, c-Met, IGF1R and AXL) and their downstream molecules in PC9/ER and HCC827/ER cells by Western blotting assays. In agreement with previous studies (Chong and Janne, 2013; Rho et al., 2014) , increased activity of Her2, AXL and AKT was observed in PC9/ER cells, and hyper-phosphorylation of c-Met and AXL was observed in HCC827/ER cells ( Figure 1B) . Notably, down-regulation of EGFR occurred in both cell lines with required resistance to EGFR-TKIs. Next, we examined the cytotoxicity of our novel HDAC inhibitors (YF454A, YF513 and YF441B; their chemical structures are shown in Supporting Information Figure S1 ) in the above EGFR-TKI-resistant NSCLC cell lines. The classic HDAC inhibitor SAHA was used as the control. As shown in Supporting Information Table S2 , three of our HDAC inhibitors (YF454A, YF513 and YF441B) showed comparable or better anti-proliferative effects than that of SAHA in all five EGFR-TKI-resistant NSCLC cell lines. Notably, the IC 50 values of YF454A ranged from 0.15 to 3.50 μM, which were almost 5-10-fold lower than those of SAHA. To identify whether YF454A was synergistic with erlotinib in EGFR-TKI-resistant NSCLC, we treated cells with increasing concentrations of drug pairs. Compared with YF454A or erlotinib single agent alone, the combination of YF454A and erlotinib augmented cytotoxicity in all cell lines tested (Figure 2A-E) . Most of the CI values at various combinations were less than 0.7, suggesting a strong synergy of YF454A and erlotinib in both primary and acquired EGFR-TKI-resistant NSCLC cells. To test whether YF454A and erlotinib also hold synergistic effects in EGFR-TKI-sensitive cells, we treated parental PC9 and HCC827 cells with increasing concentrations of YF454A Enhanced efficacy of erlotinib by HDAC inhibition BJP alone or in combination with erlotinib. Our results showed that YF454A dose-dependently blocked the growth of EGFR-TKI-sensitive cells (Supporting Information Figure S2A(i) , B(i); IC 50 = 0.08 μM in PC9 cells and IC 50 = 0.15 μM in HCC827 cells). However, the CI values of this drug pair at different combinations in EGFR-TKI-sensitive cells were all close to 1 (Supporting Information Figure S2A (ii), B(ii)), which were much higher than that in EGFR-TKI-resistant NSCLC cells, indicating that EGFR-TKI-resistant NSCLC cells might be more fragile to the combination treatment.
Combining YF454A with erlotinib leads to cell-cycle arrest, apoptosis and irreversible growth arrest in vitro Cell cycle analysis showed that YF454A alone or in combination with erlotinib dramatically arrested the cell cycle at G1 phase with a concomitant decrease in G2/M phase compared with the vehicle control group ( Figure 3A) . Apoptosis assays further validated the cell-killing effects of the co-treatment of YF454A and erlotinib. As shown in Figure 3B , dual treatments for 48 h significantly increased cell apoptosis compared with each drug alone (29.75% in PC9/ER cells, 28.25% in H1299 cells and 65.36% in H1975 cells; P < 0.05). A two-dimensional-clonogenic assay was also carried out to test the inhibitory effect of the combined treatment in PC9/ER, H1299 and A549 cells respectively. The results showed that YF454A and erlotinib synergistically blocked the colony formation of all three cell lines (P < 0.05; Figure 3C , D). Taken together, these results suggest that the synergy of YF454A and erlotinib apparently reduces the growth and survival of EGFR-TKI-resistant NSCLC in vitro.
Enhanced therapeutic efficacy of erlotinib by YF454A in vivo
To evaluate whether YF454A potentiated the efficacy of erlotinib in vivo, we established primary and acquired EGFR-TKI-resistant NSCLC xenograft mouse models. Primary EGFR-TKI-resistant NSCLC A549 cells (EGFR wild-type; KRAS mutant) and acquired EGFR-TKI-resistant NSCLC PC9/ER cells were used respectively. In the A549 tumour cell xenograft mouse model, the co-treatment with YF454A and erlotinib produced a significant tumour regression as compared with the control group (P < 0.05) or each drug alone group (P < 0.05) ( Figure 4A ). Moreover, YF454A and erlotinib Figure S3A) .
Similarly, addition of YF454A to erlotinib also remarkably slowed the progression of tumours without apparently inhibitory effect on mouse weight in the acquired EGFR-TKIresistant NSCLC PC9/ER xenograft mouse model (P < 0.05 vs. the control group or each single agent group; Figure 4C , D and Supporting Information Figure S3B ). The tumour volume and weight of PC9/ER xenografts were strikingly decreased after a 4 week treatment. Collectively, these preclinical data reveal that YF454A might be an effective anti-tumour candidate in combination with erlotinib to overcome EGFR-TKI resistance in vivo.
The combination of YF454A and erlotinib significantly suppresses the receptor tyrosine kinase signalling pathways in EGFR-TKI-resistant NSCLC cells
The EGFR T790M mutation and 'bypass' receptor tyrosine kinases (HER2, IGF1R, MET and AXL) amplification are well-documented mechanisms of EGFR-TKI resistance in lung cancer (Jackman et al., 2010) . To further explore the molecular basis of synergistically anti-proliferative activity of YF454A and erlotinib in EGFR-TKI-resistant NSCLC cells, the protein expression and phosphorylation levels of reported receptor tyrosine kinases were further examined by Western blotting and real-time PCR assays. As shown in Figure 5A (i), PC9/ER cells treated with either YF454A alone or in combination with erlotinib for 24 h showed apparent down-regulation of total protein levels of EGFR, Her2, IGFR, c-Met and AXL. Time-dependent down-regulation of receptor tyrosine kinases was also observed in the combined regimen ( Figure 5B(i) ). To test whether the decreased expression of receptor tyrosine kinases mediated by the drugs was due to transcription inhibition, we further performed the PCR analysis, and the results showed that the inhibitory actions on 'bypass' receptor tyrosine kinases mediated by YF454A or YF454A/erlotinib occurred at the transcriptional level ( Figure 5A (ii), B(ii)). Collectively, all these results suggest that the combined therapy of YF454A and erlotinib dramatically inhibit multiple 'bypass' receptor tyrosine kinase pathways in EGFR-TKI resistance at both the transcriptional and protein levels. The PI3K/AKT and MAPK pathways are critical signalling cascades downstream of receptor tyrosine kinases, controlling multiple biological actions of cancer cells, such as cell proliferation, survival, invasiveness and drug resistance. Therefore, we tested the inhibitory effect of the combined regimen on downstream pathways of receptor tyrosine kinases in EGFR-TKI-resistant NSCLC cells. As expected, erlotinib or YF454A alone did not affect the active forms of AKT and ERK, whereas the combined treatment potently decreased the levels of phospho-AKT and phospho-ERK in treated PC9/ER cells ( Figure 5C ) and HCC827/ER cells ( Figure 5D ).
YF454A and erlotinib synergistically inhibit the expression of cell cycle related genes
Up to 20% of well-known genes are affected by HDAC inhibitors, among which cell cycle regulators are primary targets of HDAC inhibition (Peart et al., 2005) . To further understand the anti-proliferative and pro-apoptotic effect of the combined regimen, we further examined several key cell-cycle regulators controlling G1/S cell-cycle progression, including Chk1, Cdc25A, Cyclin D1, retinoblastoma protein (Rb) and E2F1. The E2F family of transcription factors regulate target genes that are crucial for S-phase progression and the oncosuppressor Rb recruits HDACs to E2F target genes (Minucci and Pelicci, 2006) . We found that all of the above cell-cycle regulators were substantially suppressed by erlotinib when YF454A was added, suggesting that HDAC inhibition greatly contributes to the anti-proliferative and pro-apoptotic effect of the combined treatment ( Figure 6A ). Inhibition of these proteins was a consequence of transcriptional regulation, as their mRNA expression was decreased under the same conditions ( Figure 6B ). The protein and mRNA levels of Chk1, Cdc25A and E2F1 were also found to be dramatically suppressed by the co-treatment in a time-dependent manner ( Figure 6C, D) . It has been reported that HDAC inhibitors caused cell cycle arrest by p53-independent induction of p21 WAF1/CIP1 (Sandor et al., 2000) . P21 inhibits G1-cyclin/CDK complexes and decreases the activity of Rb, thereby regulating G1/S cell cycle transition (Vaziri et al., 1998) . In our study, p53-independent induction of p21 was observed by either YF454A alone or in combination with erlotinib ( Figure 6E, F) . Collectively, these data indicate that potentiation of erlotinib by YF454A effectively inhibits cell proliferation and induces cell apoptosis primarily by targeting cell-cycle progression.
Transcriptome alteration mediated by the synergy of YF454A and elotinib
To further elucidate the possible mechanism of the enhanced activity of elotinib by YF454A in EGFR-TKI-resistant NSCLC Figure 4 The combination of YF454A and erlotinib synergistically suppresses the growth of EGFR-TKI resistant tumour xenografts in vivo. (A, B) The combination of YF454A and erlotinib inhibited the growth of primary EGFR-TKI-resistant A549 xenografts (n = 8). Nude mice bearing A549 tumours were treated with different drugs or drug combinations. The tumour volume in mice was plotted every 3 days (A), and tumour weights were measured when the mice were killed on day 28 (B). (C, D) The tumour growth of acquired EGFR-TKI-resistant PC9/ER xenografts (n = 11 in the vehicle control group, erlotinib group and YF454A group; n = 10 in the combination group) was dramatically suppressed by the co-treatment with YF454A and erlotinib, as indicated by tumour volume curves (C) and tumour weights in different groups on day 28 (D). Means are shown with bars representing SEM. One-way ANOVA with Turkey's post hoc tests were performed; *P < 0.05 significantly different as indicated. See also Supporting Information Figure S3 .
Enhanced efficacy of erlotinib by HDAC inhibition BJP cells, we performed a microarray analysis to examine the global transcriptome profile using an Affymetrix microarray platform in PC9/ER cells. We identified genes whose mRNA levels were expressed differentially among different treatment groups using differential expression genes analysis and found that several differentially expressed genes were Figure 5 YF454A plus erlotinib significantly suppresses the receptor tyrosine kinase signalling pathways in EGFR-TKI-resistant NSCLC cells. (A) Effects of either YF454A or erlotinib alone or in combination on the protein and mRNA expression of EGFR, Her2, AXL, c-Met and IGF-1R. PC9/ER cells were treated with YF454A (0.2 μM), erlotinib (5 μM) or YF454A/erlotinib for 24 h. Cell lysates and total mRNA were prepared, and Western blotting assays (i) and real-time PCR analysis (ii) were further carried out. (B) The combination of YF454A and erlotinib time-dependently suppressed protein expression (i) and mRNA expression (ii) of EGFR, HER2, AXL, MET and IGF-1R. (C, D) YF454A/erlotinib down-regulated the phosphorylation of Akt and ERK in PC9/ER cells (C) and in HCC827/ER cells (D). PC9/ER and HCC827/ER cells were treated with YF454A (0.2 μM) and erlotinib (5 μM) as a single agent alone or in combination for 24 h. The whole-cell lysates were prepared and probed with specific Akt and ERK antibodies. Western blotting and real-time PCR assays were performed three independent times, and representative images are shown.
highly regulated by the co-treatment compared with either erlotinib or YF454A single agents alone (fold change ≥2 or fold change ≤À2 and P≤0.05) ( Figure 7A ). Pathway enrichment analysis revealed that the cell cycle pathway showed the highest rank according to enrichment score [Àlog 10 (P-value)] ( Figure 7B ).
The gene ontology analysis further showed that genes prominently affected by the combination of erlotinib and YF454A were highly enriched in cell-cycle and DNA replication progression (Supporting Information Table S3 ). The expression pattern of several important genes regulating cell-cycle progression was remarkably activated or
Figure 6
The cell cycle pathway is involved in the synergy of YF454A and erlotinib in EGFR-TKI-resistant NSCLC. (A, B) Effect of YF454A and erlotinib as a single agent alone or in combination on the cyclin D1/Rb/E2F pathway in PC9/ER cells. Protein expression was detected by Western blotting assays with specific antibodies (A), and gene expression was examined by real-time PCR analysis (B). (C, D) A time-dependent effect of the combined treatment on the molecules involved in the regulation of G1/S cell-cycle progression. PC9/ER cells were treated with the two drugs for the indicated time intervals. Protein levels and transcriptional levels of Chk1, Cdc25A, cyclin D1 and E2F1 were examined by Western blotting assays (C) and real-time PCR analysis (D) respectively. (E, F) YF454A and erlotinib as a single agent alone or in combination led to induction of p21, independent of p53 regulation. PC9/ER cells were treated with YF454A (0.2 μM), erlotinib (5 μM) or both drugs (1:1) for 24 h (E) or with a combined treatment of YF454A and erlotinib for 1.5, 3, 6, 12 and 24 h (F) . The protein level of p21 and p53 was probed. Western blotting and real-time PCR assays were performed three independent times, and representative images are shown.
suppressed by the combined treatment as compared with each drug alone in PC/ER cells, including MCM7, MSH6, KAT2B, CCND1, TIPIN, E2F3, SUV39H2 and others ( Figure 7C ). The potent suppression of these genes mediated by the co-treatment was further validated by the real-time PCR assays ( Figure 7D ). Notably, we found that MSH6, MCM7, E2F3, TIPIN and SUV39H2 were significantly upregulated in patients with lung adenocarcinoma compared to the matched normal lung tissues based on the Cancer Genome Atlas database (Supporting Information Table S4 ). It has been reported that Cyclin D1 and E2F3 are essential components in the HER2/RAS oncogenic pathway (Wu et al., 2015; Yu et al., 2001) , and down-regulation of Cyclin D1 and E2F3 leads to significant delay of mammary tumour onset (Wu et al., 2015; Yu et al., 2001) . We further found that increased expression of MSH6 and MCM7 was associated with poor survival in lung adenocarcinoma patients ( Figure 7E and Supporting Information Table S4 ), suggesting that decreased expression of MSH6 and MCM7 by the synergy of YF454A and erlotinib might increase the clinical benefit for patients with lung adenocarcinoma. Taken together, these results show that erlotinib and YF454A synergistically regulate the transcription of cell-cycle-related genes involved in G1/S phase progression (e.g. MSH6 and MCM7), suggesting a major molecular basis for overcoming EGFR-TKI resistance in NSCLC.
Figure 7
Transcriptome alteration mediated by the synergy of YF454A and elotinib. (A) Venn diagrams showed the gene profile of different groups. PC9/ER cells were treated withYF454A (0.2 μM), erlotinib (5 μM) or YF454A/erlotinib for 12 h. Total mRNA of different groups was prepared, and microarray analysis was carried out by using Human Transcriptome Array 2.0 (n = 3 per group). (B) The top six enrichment pathways. Pathway enrichment was analysed based on the subsets of down-regulated differentially expressed genes. (C) Cell-cycle-related genes that were significantly suppressed by the co-treatment of YF454A and erlotinib. Heat map is coloured according to the Z-scores of expression values. Arrowheads indicate the differentially expressed genes that were involved in the G1/S phase cell-cycle progression. (D) Real-time PCR assays validated the effects of the indicated treatments on genes that regulated the G1/S phase progression. (E) Cell-cycle-related genes MSH6 and MCM7 were significantly associated with patient survival of lung adenocarcinoma. P-values were performed using the Log-rank test.
Discussion
Targeted cancer therapy has been significantly advanced since the last decade. Erlotinib was approved by the U.S. Food and Drug Administration for first-line treatment of metastatic EGFR-mutant lung cancer in 2013, and gefitinib was approved as a first-line treatment for NSCLC in 2015 (Jackson and Chester, 2015) . However, progression-free survival with these therapies is rather disappointing due to the development of various types of resistance (Chong and Janne, 2013) . Two main resistance mechanisms have been revealed in patients: mutation of EGFR to a drugresistant state (T790M or S492R mutations) in which cells are insensitive to gefitinib or erlotinib at the enzyme level and activation or up-regulation of 'bypass' receptor tyrosine kinases (such as MET, HER2 and IGF1R) (Chong and Janne, 2013; Wheeler et al., 2010) . Increasing knowledge concerning the resistance mechanism provides a chance to exploit new mechanism-based inhibitors or combination therapies to prevent or overcome EGFR-TKI resistance in clinical settings.
Previous studies indicated that HDAC inhibitors, a group of drugs targeting epigenetics, have been evaluated for their synergist effects when administered in combination with various conventional chemotherapeutic drugs for different types of solid tumours (Bose et al., 2014; Minucci and Pelicci, 2006) . Notably, SAHA was shown to circumvent the EGFR-TKI resistance caused by the BIM polymorphism (Nakagawa et al., 2013; Ng et al., 2012) . CUDC-101, a multi-targeted HDAC, EGFR and HER2 inhibitor, decreased the MET and AXL signalling pathways, restored E-cadherin expression and reduced cell migration in EGFR-TKI-resistant NSCLC . The HDAC inhibitor, MPTOE028, yielded significant growth inhibition in erlotinib-resistant lung adenocarcinoma by blocking the EGFR/HER2 signalling and many other compensatory pathways (Chen et al., 2013) . Furthermore, the addition of an HDAC inhibitor (such as SAHA and SNDX-275) to erlotinib or SAHA combined with gefitinib has become a novel clinical strategy to treat EGFR-TKI resistance in patients suffering from NSCLC (NCT00503971, NCT00750698 and NCT02151721; https://www.clinicaltrials.gov/; accessed: April 11, 2017). The combination of romidepsin and erlotinib also exhibited inhibitory effects on relevant molecular targets in an unselected advanced NSCLC phase 1 clinical trial (Gerber et al., 2015) . These findngs have led to the notion that HDAC inhibitors are promising drugs to potentiate the therapeutic efficacy of EGFR-TKIs.
YF454A, a novel HDAC inhibitor synthesized by our group, exhibited potent inhibitory activities against breast cancer through the up-regulation of acetyl-histone H3 and H4, down-regulation of paxillin expression and inhibition of tumour epithelial-mesenchymal transition . In this study, we explored the novel ability of YF454A to potentiate the effects of erlotinib in both EGFR-TKI-resistant cells in vitro and in vivo. YF454A exhibited more potent anti-proliferative activity than SAHA in a panel of EGFR-TKI-resistant NSCLC cell lines (Supporting Information Table S2 ). Furthermore, YF454A and erlotinib exhibited a synergistic action to suppress cell growth and colony formation by triggering cell cycle arrest and apoptosis in resistant cells. Consistently, the suppressive activity of the combined therapy was also observed in two different mouse models in vivo. Importantly, the YF454A alone or when given as a combined treatment was well-tolerated in tumourbearing mice at the tested dosage. Although combining a traditional HDAC inhibitor SAHA with standard anti-NSCLC therapy showed moderate effects (Azad et al., 2013) , the excellent tolerability, limited toxicity and potent anti-cancer activity of YF45A may potentially make it an effective therapeutic candidate in clinical trials to treat EGFR-TKIresistant NSCLC.
The cell cycle, like other important cellular functions such as cell proliferation and apoptosis, are regulated by 'epigenetic modifiers' known as HDACs (Bose et al., 2014) . HDAC inhibitors have been reported to cause G1/S or G2/M cell cycle arrest, suppress cyclin D, cyclin A and acetylation of pericentromeric chromatin and impair kinetochore assembly that activates mitotic check points (Gui et al., 2004; Robbins et al., 2005; Sandor et al., 2000) . In our study, we characterized an important mechanism of action of YF454A in combination with erlotinib in EGFR-TKI-resistant NSCLC. Cell cycle analysis in PC9/ER cells showed that addition of YF454A to erlotinib blocked cell cycle progression in G1/S phase and consistently suppressed the cyclin D1/Rb/E2F signalling pathway. These phenomena were related to a decrease in the mRNA level of CHK1, CDC25A and CCND1 ( Figure 6D ). Our microarray analysis consistently revealed that the cell cycle pathway was strongly implicated in the synergy of YF454A and erlotinib. Transcription of MCM7, MSH6, TIPIN, E2F3, SUV39H2, KAT2B and other genes involved in the cell cycle pathways were also affected by the combined treatment ( Figure 7 ). All these results indicate that YF454A augments the therapeutic efficacy of erlotinib through primarily targeting the cell-cycle regulation in EGFR-TKI-resistant NSCLC cells.
Additionally, 'bypass' receptor tyrosine kinases, including Her2, IGF1R, c-Met and AXL, play crucial roles in acquired EGFR-TKI resistance. Previous studies showed that HDAC inhibitors can down-regulate receptor tyrosine kinases to overcome EGFR-TKI resistance in NSCLC (Rho et al., 2014; Wang et al., 2013) . However, the limited knowledge of the effects of HDAC inhibitors on receptor tyrosine kinases restricts their clinical application. Our data showed that YF454A either as a single agent or in combination with erlotinib simultaneously blocked the activity of receptor tyrosine kinases by inhibiting their protein or phosphorylation levels ( Figure 5A, B) . Meanwhile, the enhanced activity of EGFR downstream molecules such as Akt and ERK was also remarkably diminished by the combined regimen. These results additionally suggested that YF454A might prevent the emergence of resistance to EGFR-TKIs through interfering with multiple 'bypass' receptor tyrosine kinase pathways.
Thus, in this study, we have provided the first evidence that YF454A and erlotinib synergistically inhibit the growth of EGFR-TKI-resistant NSCLC by blocking the cell cycle pathways and the receptor tyrosine kinase pathways. These preclinical data further indicate that HDAC inhibitors could be used to sensitize EGFR-TKIs in the treatment of NSCLC. Therefore, the addition of YF454A to erlotinib may be warranted as part of a clinical therapy to overcome EGFR-TKI-resistance in patients with advanced NSCLC.
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article.
https://doi.org/10.1111/bph.13961 Figure S1 Chemical structures of YF454A, YF513 and YF441B. Figure S2 YF454A and erlotinib are not synergistic in non-EGFR-TKI-resistant NSCLC cells. Figure S3 The combined treatment of YF454A and erlotinib has little effect on body weight in mice. 
